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Abstract
Miller, Mellessa Michelle. M.S. The University of Memphis. August 2014.
Cocaine Intravenous Self-Administration (IVSA) In Adult Long-Evans Rats Perinatally
Exposed To Polychlorinated Biphenyls. Major Professor: Helen J. K. Sable, Ph.D.
Polychlorinated biphenyls (PCBs) are ubiquitous environmental toxins known to
adversely impact human health. Ortho-substituted PCBs in particular are known to affect
the nervous system and more specifically the brain dopaminergic system. Developmental
PCB exposure in rats has been shown to produce alterations in the dopamine system that
persists into adulthood. The reinforcing properties of psychostimulants are typically
modulated via the dopaminergic system, so this project was conducted to evaluate whether
perinatal PCB exposure would alter intravenous self-administration (IVSA) for the
psychostimulant cocaine. Long Evans rats were perinatally exposed to 6 mg/kg/day or 3
mg/kg/day of PCBs throughout gestation and lactation and compared to controls. Rats
were trained to lever press for a food reward in an operant chamber under a fixed-ratio 5
(FR5) schedule and later underwent jugular catheterization. Food rewards were switched
for infusions of 250 µg of cocaine, but the FR5 response requirement to earn the reinforcer
on the active lever remained. PCB-exposed males exhibited an increase in active lever
presses and cocaine infusions during the acquisition phase of cocaine intravenous selfadministration. While sex effects were repeatedly seen, no PCB-related differences were
observed during the maintenance IVSA sessions, during examination of the dose-response
relationship, or during progressive ratio sessions. Overall, these results indicate that
perinatal PCB exposure can enhance early cocaine drug-seeking, particularly in males, as
demonstrated by an increase in active lever presses and infusions in males perinatally
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exposed to PCBs. This effect is believed to be due to PCB-associated dopaminergic
dysfunction.
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Cocaine Intravenous Self-Administration (IVSA) In Adult Long-Evans Rats Perinatally
Exposed To Polychlorinated Biphenyls
Chapter 1: Introduction
PCB Chemical Structure and Properties
Polychlorinated biphenyls (PCBs) are a class of organic compounds that are
comprised of two benzene rings and anywhere from one to ten chlorine atoms. They are
formed by electrophilic chlorination of biphenyl with chlorine gas. The chemical formula
for PCBs is C12 H10-x Clx, where x = 1 to 10 chlorine atoms that take the place of
hydrogen and can thereby change the shape of the molecule. As such, there are 209
possible combinations of chlorine substitutions, and these different combinations are
known as congeners (Hansen, 1999). However, only about 130 of these congeners have
been used in industry with approximately 75 predominant in commercial production
(UNEP, 1999). There are generally two classes of PCB congeners, coplanar and orthosubstituted, as shown in Figure 1. Coplanar PCB molecules exist in single plane or flat
configuration and have the chlorine atoms in the meta or para positions. Specifically, to
remain in a planar conformation the molecule must have zero or one ortho chlorines
(positions 2, 2’, 6, or 6’), two meta chlorines (positions 3 or 3’ and 5 or 5’), and at least
one para chlorine (positions 4 or 4’) (Sable & Schantz, 2006). Such congeners are similar
in structure to dioxins (i.e., they are considered to be dioxin-like) and are the more
overtly toxic of the two classes (Faroon, Jones, & de Rosa, 2000). Conversely, orthosubstituted congeners consist of those with a chlorine atom in the ortho position (e.g.,
positions 2 and 2’ and/or 6 and 6’) of the PCB molecule. The ortho-substitution(s) cause
the chlorine atoms to repel each other pushing the molecule into a non-planar
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configuration (Faroon et al., 2000). These congeners are thus often noncoplanar and are
also considered to be non-dioxin like.
Polychlorinated biphenyls’ chemical properties have low water solubility, high
lipophilic solubility, low vapor pressure, and high dielectric constant (Merck Index).
They are odorless, tasteless, and range from colorless to light yellow to darker yellow as
their viscosity and number of chlorine atoms increase (UNEP, 1999). They are extremely
resistant to oxidation, reduction, elimination, and electrophilic substitution (Merck
Index). PCBs are very stable compounds and for the most part chemically inert, which is
why they do not degrade readily (Safe, 1994). These attributes account for their industrial
use as a good electrical insulator but also explain their environmental persistence.
Historical Background
Polychlorinated biphenyls are ubiquitous environmental toxins, but their toxicity
wasn’t noticed until the 1960s when seabird corpses washed ashore and were found to
have high levels of PCBs (Jensen, 1966). PCBs were widely used in industry for
commercial needs until they were banned under the 1977 U.S. Toxic Substance Control
Act and were universally banned by the Stockholm Convention in 2001 as a persistent
environmental contaminant. PCBs were commercially produced by the Swann Company
until 1929 when it was bought by Monsanto. The Monsanto Company was the only
producer of PCBs in the United States; however, they were manufactured world-wide.
Mixtures of PCB congeners were produced under the trade name of Aroclor, but these
mixtures had a number of other names depending on the country where they were
produced and based on the industrial manufacturer. Aroclor mixtures are acknowledged
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universally by a four-digit number. The first two digits account for the number of carbon
atoms and the last two digits for the percentage of chlorine atoms by mass.
Polychlorinated biphenyls were widely used in coolants and insulating fluids for
transformers and capacitors. They are also found in old fluorescent light fittings,
plasticizers in paints, carbonless copy paper, caulks, cements, and wood floor finishes.
PCBs have been used as stabilizing additives for flexible PVC coatings in electronic
components and wiring. Thus, many old electronic boards and wiring cords are composed
of PCBs. PCBs are still found in “enclosed uses” such as hydraulic fluids, sealants, and
flame retardants. Their previous uses in so many commercial products add to their
continuous environmental accumulation even though they have been banned for over
thirty years. PCBs are very persistent in the environment and are even presently being
released as an intentional byproduct in the manufacturing of pigments of some dyes,
paints and inks (Grossman, 2013).
Environmental Toxicology and Bioaccumulation
Polychlorinated biphenyls are considered a “multimedia” chemical, which means
that they contaminate air, water, and soil. PCBs enter the environment from products
containing them through spills, leaks, fires or through their disposal at hazardous waste
sites, incineration of waste, illegal or improper disposal of industrial waste, and leaks
from old electrical transformers (ATSDR, 2001). PCBs were found to contaminate the
soil at the bottom of utility poles from leaking transformers. PCBs do not readily break
down in the environment, thereby remaining for very long periods of time, typically until
remediated. They become cyclic in air, water, and soil through a process of re-absorption
and re-depositing (Gdaniec-Pietryka & Mechlińska, 2013). This dynamic process
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contributes to maintaining PCBs presence in the environment but is further exacerbated
by additional release of PCBs along with non-legacy PCBs that are still being produced.
Urban runoff of PCBs occurs from building exhaust, industrial sources, and
products containing PCBs. In Chicago, a recent study discovered that PCBs were not
being emitted from a single-large source, as previously thought, but were being released
over numerous small locales and even in residential neighborhoods (Hu, LeMiller,
Martinez, Wang, & Hornbuckle, 2011). Water pollution of PCBs begins with
atmospheric volatilization and urban runoff. The global or local transport of volatilized
PCB accumulates in the atmosphere, returns through precipitation and will accumulate in
bodies of water. For example, the city of Milwaukee has a very high index of air quality
for PCBs, which contribute to the 120 kg that enter Lake Michigan each year
(Wethington, 2005). Since PCBs are generally not water-soluble, they deposit onto
organic particles and bottom sediments. PCBs strongly bind to soil which accumulates in
the sediment along with other environmental containments such as mercury (Robinson &
Ludwig, 2001).
PCBs that have accumulated in soil or sediment are taken up by zooplankton or
phytoplankton. Smaller organisms feed on the contaminated plankton, and they in turn,
are consumed by larger organisms. Bioaccumulation and biomagnification of PCB
contamination continues up the food chain as birds and even humans consume these
contaminated food sources. PCBs have been found to accumulate in animals thousands of
times higher than in the surrounding water (ATSDR, 2001). Some of the largest known
PCB concentrations per body weight were found in dead polar seagulls (Gabrielsen,
Skaare, Polder, & Bakken, 1995). Likewise, the larger the predatory animal and the
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longer the lifespan, the more PCBs can accumulate over that lifespan. This results in a
larger body burden of PCBs as well as other toxins.
PCBs are very lipophilic and are stored in fat. Thus, when food is less abundant,
fat reserve is released and the PCBs are circulated in the organism’s blood. This leads to
the redistribution of PCBs in the body with a significant increase going to the brain and
liver. In addition, this accumulation in the fat allows for mammals to pass PCBs on to
their young in uteri and during lactation. These developmental exposures, in-conjunction
with exposure from their own food intake, comprise several routes of PCB exposure
occurring during the organism’s lifetime. This can result in a variety of health effects
which include reproductive problems, anemia, liver disease, stomach issues, thyroid
gland problems, changes in the immune system, and behavioral alterations in the
offspring (ATSDR, 2001). PCBs are considered to be an endocrine disrupting chemicals
(EDCs) as they interfere with the body’s endocrine system and produce adverse
developmental, reproductive, neurological, and immune effects in both wildlife and
humans (NIEHS, 2009).
Route of Exposure and Human Health Issues
PCBs were first recognized as a health hazard in 1937 at the Harvard School of
Health. Subsequently, PCBs were determined to be an environmental contaminant in
1966 (Jensen, 1966). PCB exposure in humans can occur by breathing in air from nearby
hazardous waste sites containing PCBs; drinking PCB-contaminated well water, and/or
from dietary sources such as fish caught in PCB-contaminated rivers or lakes or meat and
dairy products that have been exposed to PCB. Most exposure is via oral consumption of
contaminated food sources. However, buildings that were constructed in the 1970s (i.e.,
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schools) can release PCBs from joint sealants, and under these circumstances indoor air
exposure can exceed food intake (Robinson & Ludewig, 2011). High-level exposure can
be seen in workers consistently tasked with repair or maintenance of transformers and
disposal of PCB materials (ATSDR, 2001). Acute and/or higher level PCB exposure can
result in impaired reproduction, thyroid disruption and damage to the nervous, immune,
and cardiovascular systems (Birnbaum & Staskal-Wikoff, 2010; Hsu et al., 1985).
However, the bulk of human exposure is usually from long-term, low-dose exposure.
This type of exposure also often occurs in conjunction with other environmental toxicant
exposure (i.e., PDVF and mercury). Additionally, no internal physiological mechanism is
in place to recognize these lower dose chronic exposures and thus induce counteractive
measures to minimize damage (Pessah, Cherednichenko, & Lein, 2010).
PCBs are very lipophilic and accumulate in adipose tissue such as the mammary
glands and brain. PCBs readily pass through placental lines and can affect offspring
during gestation. Additionally, high concentrations can accumulate in breast milk
affecting offspring through lactation. Most research in humans thus reflects PCB
exposure in uteri and/or during lactation (ATSDR, 2001). Emerging evidence suggests
that environmental contaminants (such as PCBs) are considered to be playing a role in the
increasing number of developmental and neurological disorders observed in the US
population over the last 30 years (CDC, 2005). For example, there has been a ten-fold
increase in autism, two-fold increase in asthma, 62% increase in leukemia, 40% increase
in childhood brain cancer, and a 3-5% increase in overall birth defects in babies
(www.iceh.org). Evidence indicates that the increasing rates of neurodevelopmental and
immunological disorders can be attributed to interactions with genes and environment
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(e.g., neurotoxic ants and EDCs) which are also impacted by sociological factors (e.g.,
diet and nutrition) (Haave et al., 2011; Pennington et al., 2010; Winneke, 2011). Not only
do PCBs affect the young perinatally, but there is evidence linking PCB exposure in
adulthood to the development of Parkinson’s disease (PD) (Corrigan, Murray, Wyatt, &
Shore, 1998; Peterson et al., 2008), dementia in women (Steenland et al., 2006), and
memory impairment in older adults (Widholm et al., 2001). PCBs could be contributing
to the onset of these neurodegenerative disorders (Lee et al., 2012) since PCB exposure
impairs dopaminergic function – a consequence also associated with the negative
outcomes listed above.
Mechanism of Action
The mechanism of action of PCBs varies according to PCB congener and the
specific cell type. Thus, PCB exposure affects a myriad of physiological processes and
signaling cascades. Coplanar PCBs mediate binding through the aryl hydrocarbon
receptor (AhR) which is a transcription factor. These PCBs resemble dioxin and are
designated with toxicological equivalency factors (TEF) because they alter transcription
genes and regulate xenobiotic metabolism through the cytochrome p450 pathway. They
are associated with cancer, immunological dysfunction, impaired reproduction,
teratogenicity, and cardiovascular disease via oxidative stress (Ahlborg et al., 1993;
Birnbaum & Staskal-Wikoff, 2010). However, the bulk of human exposure is generally to
non-coplanar (i.e., ortho-substituted) PCB congeners (Hansen, 1999). They elicit a
different pattern of toxicological effects which include neurotoxicity and thyroid
hormone disruption. Analysis from adult human brains obtained from the general
population identified primarily ortho-substituted PCB congeners (Chu, Covaci, &
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Schepens, 2003; Covaci, de Boer, Ryan, Voorspoels, & Schepens, 2002). Ortho-PCBs
disrupt thyroid hormone transport by binding to transthyretin which regulates thyroxin
levels in the blood and cerebral spinal fluid (Chauhan, Kodavanti, & McKinney, 2000).
The thyroid gland was previously thought to be the most sensitive to PCBs; however,
current research suggests that the brain is the most sensitive (Samso, 2009).
Ortho PCBs can interact with ryanodine receptors, a class of calcium ion channels
found in excitable tissue like muscle or neurons. These PCBs affect intracellular calcium
levels via their action on the ryanodine receptor (with IP3 and DAG second messengers)
which disrupts calcium signaling cascades (Pessah et al., 2010). This disruption causes
mayhem in calcium ion channel regulation, thus altering neuronal excitability, dendritic
growth and plasticity (Yang, Kim, Lein, & Pessah, 2009). It has been found that the brain
is vulnerable to even low doses of PCBs, especially during critical windows of
neurological development. Perinatal PCB exposure to the PCB mixture Arcolor 1254 was
shown to alter dendritic growth in several brain regions in rats which impaired their
performance in the Morris Water Maze (Yang et al., 2009). This developmental exposure
demonstrates PCBs ability to disrupt inhibitory and excitatory neurotransmission which
was further substantiated by Kim and Pessah’s (2011) research. They demonstrated
gestational exposure to Arcolor 1254 sensitizes the hippocampus to postnatal
excitotoxicity especially in vulnerable neuronal populations (Kim & Pessah, 2011).
Most relevant to the current study is the detrimental effects of PCB exposure on
the brain dopaminergic system, which appears to be a highly selective target in the
central nervous system for ortho-PCBs (Farroon et al., 2000; Miller & Jones, 2008). An
overabundance of dopamine can undergo excessive auto-oxidation creating reactive
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oxygen species (ROS). ROS can lead to cell injury and death. PCB exposure causes an
increase in extracellular dopamine through dopamine transporter (DAT) inhibition
(Miller & Richardson, 2004). This increase in synaptic dopamine creates more ROS than
normal, and results in more oxidative buildup, which can damage dopaminergic neurons.
Lee and Opanshuk’s (2004) in vivo research demonstrated PCB exposure generated lipid
peroxidation. The byproducts of lipid peroxidation also caused proteins to oxidize and in
conjunction with dopamine oxidation, increased oxidative stress especially in
dopaminergic rich cells (Lee et al., 2012). This led to degeneration of dopaminergic
neurons resulting not only in dopamine but GABA dysregulation as well (Lee et al.,
2012; Kim & Pessah, 2011).
As previously mentioned, PCBs are known to be EDCs. Disruption in endocrine
function in thyroid and steroid hormones has developmental consequences in sexual
differentiation and organization of the brain (McCarthy, Wright, & Schwarz, 2009).
Thus, these alterations may have neurological implications in specific brain regions.
Many PCB congeners elicit effects on estrogen receptors (ER), androgenic receptors
(AR), glucocorticoid receptors (GR), and thyroid receptors (TR). However, differences
can be seen in accordance with the number and position of the chlorine atoms on PCBs as
to whether they stimulate or inhibit endocrine-specific processes (Takeuchi et al., 2011).
Research shows PCB exposure can often eliminate/reverse typical sex-differences or
result in sex-specific alterations (Wang, Fang, Nunez, & Clemens, 2002). For example,
males (but not females) exposed to mostly ortho-substituted PCBs are impaired on
certain spatial tasks, such as delayed spatial alteration (Schantz, Moshtaghian, & Ness,
1995) and spatial reversal learning (Widholm et al., 2001). Likewise, ortho-PCBs also
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preferentially affect males, more so than females, on non-spatial tasks such as inhibitory
control tasks (Sable, Eubig, Powers, Wang, & Schantz, 2009), and sweet preference
behavior (Lilienthal, Heikkinen, Andersson, & Viluksela, 2013). Moreover, estrogen
appears to be neuroprotective during developmental growth and throughout the lifespan
(Kipp et al., 2006).
Male offspring seem to be particularly sensitive to perinatal ortho-substituted
PCB exposure due to the previously mentioned alterations in dopamine function. Orthosubstituted PCBs can breakdown into hydroxylated PCB metabolites which have
pleiotropic effects on endocrine functions (Takeuchi et al., 2011). In addition, short-term
maternal PCB exposure produces hydroxylated PCB metabolites which have been shown
to have more pronounced AR antagonistic activity rather than having ER agonistic
activity (Takeuchi et al., 2011). Moreover, these AR antagonistic effects could perhaps
exacerbate PCB activity on the nigrostriatial dopamine system in male offspring since
female offspring have the neuoroprotective effects of estrogen (Kipp et al., 2006).
Furthermore, PCBs have been shown to lower aromatase activity (Hany et al., 1999);
however, the exact mechanism is not clear. Aromatase converts testosterone to estradiol
and plays an important role in sexual differentiation of the central nervous system
(Dickerson & Gore, 2007; Lauber, Sarasin, & Lichtensteiger, 1997; Roselli, 2007).
Aromatase is the estrogen-forming enzyme and is expressed in different brain regions at
diverse times during development. Importantly, aromatase levels peak with the presence
of ERs in particular brain regions during development. Alterations in aromatase activity
have been shown to affect dopamine concentrations in the prefrontal cortex (Lauber et
al., 1997; Stewart & Rajabi, 1994). The prefrontal cortex highly expresses AR and ER,
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and in conjunction with GABAergic striatal neurons, interact with dopaminergic neurons
in a sex-dependent manner affecting all levels of dopamine transmission (Aubele &
Kritzer, 2012). This can affect behavioral outcomes and these interactions can persist
long after development and can thus be affected by PCBs at any time during the lifespan.
Dopamine and Inhibitory Control
Dopamine is involved in cognition, attention, learning, motor activity, mood,
motivation and reward (Jones & Miller, 2008). Thus, any alterations in dopamine
function can adversely affect any of these neurological processes and consequently
behavior. Dopamine’s structure is shown in Figure 2. Furthermore, a number of studies
have demonstrated the importance of dopamine in the prefrontal cortex (PFC) on various
types of executive functioning, which include inhibitory control and impulsivity (see
Sable & Schantz, 2006). A review by Robbins and Arnsten (2009) illustrates that
monoamines, including dopamine, affect behavior on a number of executive function
tasks. Impaired performance on tasks was a result from either too much or too little
dopamine in the PFC.
PCB exposure has been found to impair executive function, especially inhibitory
control. Inhibitory control impairments have been reported following developmental PCB
exposure studies in rats (Holene Nafstad, Skaare, & Sagvolden, 1998; Holene, Nafstad,
Skaare, Krogh, & Sagvolden, 1999; Sable et al., 2006, 2009), monkeys (Mele, Bowman,
& Levin, 1986; Rice, 1997, 1998), and humans (Jacobson, Jacobson, Padgett, Brumitt, &
Billings, 1992; Stewart et al., 2003, 2005, 2006). For example, Sable, Eubig, Powers,
Wang, and Schantz (2009) found a disruption in performance on a differential
reinforcement of low rates of responding (DRL) task (a task of inhibitory control) in rats
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that had been perinatally exposed to an environmentally relevant mixture of PCBs.
Likewise, Rice (1998) also found impairments on DRL performance in monkeys dosed
from birth to 20 weeks of age with a PCB mixture representative of the PCBs typically
found in human breast milk. These deficits in DRL performance are believed to result
from depleted dopamine in mPFC caused by perinatal PCB exposure (Eubig, Noe,
Floresco, Sable, & Schantz, 2014; Sable et al., 2009; Sokolowski & Salamone, 1994).
Epidemiological studies have also demonstrated the impact of PCBs on inhibitory
control in human populations. For example, people that live near the Fox River in
Wisconsin have participated in a series of studies dubbed the Fox River Environment and
Diet Study (FRIENDS). Schantz et al. (2010) discussed a link between PCB exposure
and attention deficit hyperactivity disorder (ADHD) in children whose parents had
consumed fish from the Fox River. ADHD is a disorder often characterized by dopamine
dysfunction and inhibitory control problems (Eubig, Aguiar, & Schantz, 2010). These
results lend support to a link between inhibitory control problems and developmental
PCB exposure. However, the neurological underpinnings have not yet been elucidated.
Exposure and Dopamine Dysfunction
As previously mentioned, research suggests that some of the neurological and
behavioral effects observed in laboratory animals exposed to PCB involved changes in
the biogenic amines, particularly the dopaminergic system (Mariussen, Andersen, &
Fonnum, 1999). PCBs affect dopamine regulation on several levels, including dopamine
synthesis, dopamine reuptake and storage, and dopamine release (Angus et al., 1997;
Bemis & Seegal, 2004; Mariussen & Fonnum, 2001; Seegal, Brosch, Bush, Ritz, &
Shain, 1989; Seegal, Bush, & Shain, 1990; Seegal, Brosch, & Okoniewski, 1997; Seegal,

12

Okoniewski, Brosch, & Bemis, 2002). Previous research has established that perinatal
PCBs reduce the concentration of dopamine in specific brain regions such as the striatum
(Seegal, 1994), and frontal cortex (Seegal et al., 1997) in laboratory animals. Adult
exposure to commercial Aroclor mixtures consisting of mostly non-coplanar PCB
congeners has been shown to decrease dopamine concentrations in the striatum of rats
(Seegal et al., 2002), mice (Richardson & Miller, 2004), and non-human primates
(Seegal, 1996; Seegal et al., 1990; Seegal, Bush, & Brosch, 1991, 1994). Similar effects
have also been established in these brain regions with in vitro studies (Lee & Opanashuk,
2004; Lyng & Seegal, 2008).
Evidence suggests that PCBs are altering the uptake of dopamine by inhibiting the
dopamine transporter (DAT), as well as inhibiting the vesicular monoamine transporter
(VMAT) (Jones & Miller, 2008). As mentioned above, prolonged PCB exposure results
in the reduction of dopamine in the extra-neuronal space in the striatum of adult rats
(Seegal et al., 1997, 2002). This reduction is thought to be a consequence of end-product
inhibition. PCBs inhibit the DAT which is important for dopamine reuptake on the
presynaptic terminal (Miller & Richardson, 2004). This DAT inhibition causes an initial
increase in dopamine in the extra-neuronal space; however, this activates dopamine
autoreceptors (DAR) which ultimately limit the amount of dopamine being released.
When there is too much dopamine in the synapse these autoreceptors are activated, via a
feedback mechanism, in order to limit the amount of dopamine being released from the
presynaptic terminal. Interestingly, in utero and lactational exposure to PCBs has been
shown to increase dopamine autoreceptor (DAR) sensitivity (Fielding et al., 2013) which
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likely exacerbates the rate of dopamine depletion and therefore eventual reduction in
dopamine release.
As mentioned above, PCBs have also been shown to inhibit the VMAT2 which is
important for packaging and storing free terminal dopamine into synaptic vesicles for
future release. Limiting the amount of dopamine packaged and stored is also believed to
contribute to less dopamine being released from the axon terminal into the synapse
(Bemis & Seegal, 2004; Mariussen et al., 1999). Studies suggest that PCB-induced
VMAT2 inhibition is responsible for decreased dopamine levels (Bemis & Seegal, 2004),
while other studies suggest that DAT inhibition is what contributes to the changes
observed in dopamine levels as a consequence of PCB exposure (Seegal, 1994, 1996;
Seegal et al., 1990, 1991, 1994, 1997, 2002; Richardson & Miller, 2004; Wigestrand,
Stenberg, Walaas, Fonnum, & Andersson, 2013).
Exposure Alters the Behavioral Pharmacology of Cocaine and Amphetamine
Rats perinatally exposed to PCBs have exhibited alterations in behavior
following administration of cocaine and amphetamine. First, PCB exposure has been
shown to alter the discriminative stimulus effects of cocaine and amphetamine. Adult rats
perinatally exposed to PCBs were more sensitive to the interoceptive cues of cocaine, but
less sensitive to the interoceptive effects of amphetamine as measured in a drug
discrimination paradigm (Sable, Monaikul, Poon, Eubig, & Schantz , 2011). Additional
research has also demonstrated differences in locomotor activation and behavioral
sensitization following amphetamine (Poon et al., 2013) and cocaine (Miller et al., in
preparation) administration in adult rats that were perinatally exposed to PCBs.
Compared to non-exposed controls, adult rats perinatally exposed to PCBs exhibited
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greater locomotor activation to the initial injection of amphetamine, but overall
amphetamine behavioral sensitization following repeated injections was attenuated
compared to the non-exposed controls. With cocaine, rats exposed to PCBs exhibited
behavioral sensitization earlier than non-exposed controls, with the overall degree of
behavioral sensitization looking similar across exposure groups.
The differences in behavioral sensitization following repeated injections of
cocaine or amphetamine appear to be tied to differences in dopamine neurotransmission.
Adult rats perinatally exposed to PCBs were tested using in vivo fixed potential
amperometry (FPA) following a single injection of cocaine as well as repeated cocaine
injections. Compared to non-exposed controls, the PCB-exposed rats exhibited enhanced
stimulated peak dopamine release in the nucleus accumbens core following a single
injection of cocaine. However, while control animals exhibited a significant increase in
stimulated dopamine release following repeated cocaine injections (an effect tied to
dopamine sensitization), stimulated peak dopamine release in the PCB-exposed rats was
attenuated following repeated cocaine administration. Additional results suggested this
attenuation may have been tied to depletion in presynaptic dopamine stores (Fielding et
al., 2013). Such results may also explain the attenuated behavioral sensitization
previously reported in PCB-exposed rats given repeated injections of amphetamine (Poon
et al., 2013).
Overall, these studies indicate perinatal PCB exposure modifies dopamine
synaptic transmission in a manner that may alter the reinforcing properties of
psychostimulants. However, these studies demonstrate differences in the interoceptive
and locomotor-activating effects of experimenter-administered cocaine and amphetamine

15

in perinatally PCB-exposed animals, but do not measure psychostimulant reinforcement
per se. Thus, this project intends to determine if perinatal exposure to PCBs will alter the
reinforcing properties of a psychostimulant by measuring intravenous self-administration
with cocaine, as a more direct measure of drug reinforcement.
Exposure, Altered Dopamine Neurotransmission, and Drug-Seeking
Drug addiction is a complex problem and is associated with repetitive,
compulsive drug-seeking and drug-taking behavior despite negative psychological,
physical, social and legal consequences. The dopaminergic system is centrally involved
in the rewarding effects of drugs of abuse such as amphetamine and cocaine. The studies
discussed above suggest that there may be a relationship between reduced dopamine
activity in certain brain regions tied to PCB exposure and drug-seeking behavior. Lesions
between midbrain dopaminergic neurons projecting into the medial prefrontal cortex
(mPFC) resulted in the acquisition and maintenance of cocaine and amphetamine
(AMPH) self-administration at lower doses than in sham controls (McGregor, Baker, &
Roberts, 1996; Schenk, Horger, Peltier, & Shelton, 1991; Weissenborn, Robbins, &
Everitt, 1997). Furthermore, human imaging studies have revealed detoxified
psychostimulant abusers had reduced dopamine D3 receptors in the PFC, indicative of
decreased dopamine activity (Segal, Moraes, & Mash, 1997; Volkow, Fowler, Wang, &
Goldstein, 2002). Environmental factors have been demonstrated to play an important
role in the addiction process. Evidence suggests that changes in the environment that are
capable of affecting the dopaminergic system can render one vulnerable to drugs of abuse
(Jones & Miller, 2008). For example, prenatal stress (Hausknecht, Haj-Dahmane, &
Shen, 2013; Thomas, Hu, Lee, Bhatnagar, & Becker, 2009), prenatal lead exposure
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(Nation, Smith, & Bratton, 2004; Rocha, Valles, Cardon, Bratton, & Nation, 2005) and
prenatal ethanol or cocaine exposure (Spear, 1996) have all been shown to alter dopamine
neurotransmission and contribute to enhanced psychostimulant self-administration later
in life. Likewise, inhibitory control deficits (i.e., impulsiveness) are also a risk factor for
addictive behavior. There is a rich literature demonstrating inhibitory control deficits
contribute to drug abuse and addiction in humans (de Wit, 2009; Ivanov, Schulz, London,
& Newcorn, 2008; Tarter, Kirisci, Feske, & Vanyukov, 2007; Verdejo-Garcia, Lawrence,
& Clark, 2008; Volkow et al., 2002; Volkow, Fowler, & Wang, 2004) and animals
(Belin, Mar, Dalley, Robbins, & Everitt , 2008; Dalley et al., 2007; Jentsch & Taylor,
1999; Mitchell, Reeves, Li, & Phillips, 2006; Perry, Larson, German, Madden, & Carroll,
2005; Winstanley, Olausson, Taylor, & Jentsch, 2010). As previously mentioned,
inhibitory control deficits are believed to result from impaired prefrontal dopamine
neurotransmission (Robbins & Arnsten, 2009). Recall that rats (Holene et al., 1998, 1999;
Sable et al., 2006, 2009), monkeys (Mele et al., 1986; Rice, 1997, 1998), and humans
(Jacobson et al., 1992; Stewart et al., 2003, 2005, 2006) perinatally exposed to PCBs
commonly exhibit inhibitory control problems as previously discussed.
The current project will examine the propensity for rats perinatally exposed to
PCBs to self-administer the drug cocaine, which has been a persistent problem in the
United States (SASMHSA, 2006). Cocaine acts primarily on the mesocorticolimbic
dopamine pathway that consists of neuronal cell bodies originating in the ventral
tegmental area (VTA) that project to the nucleus accumbens (NAcc) and the medial
prefrontal cortex (mPFC). Cocaine prevents the reuptake of dopamine into the
presynaptic terminal by blocking the dopamine transporter (DAT). With less reuptake of
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dopamine, more dopamine in the synapse is available to bind to postsynaptic dopamine
receptors. The “dopamine hypothesis” suggests the enhanced dopaminergic
neurotransmission that results is responsible for the reinforcing properties of cocaine
(Kuhar, Ritz, & Boja, 1991). Recall that PCBs also inhibit the DAT on the presynaptic
terminal. Therefore, these alterations in DAT function may alter the reinforcing
properties of psychostimulants, which might be expected to affect the propensity to selfadminister drugs known to act on the DAT.
Hypotheses for Current Study
The EPA has defined developmental neurotoxicity (DNT) as an adverse effect of
exposure to a toxic substance on the normal development of nervous system structures
and/or functions. The EPA has promulgated guidelines for conducting in vivo rodent
studies for testing chemicals for DNT that involve perinatal maternal exposure up to
weaning, and include a variety of assessments which can be measured that include
behavior, cognitive function, and neuro-histopathology (US EPA, 1998a). These
measures were implemented in the current study in relation to perinatal exposure to PCBs
and adult behavioral testing using a cocaine IVSA paradigm.
The PCB mixture used in the current project is an environmentally relevant
mixture based on the congener profile found in contaminated fish from the Fox River in
northeastern Wisconsin (Kostyniak et al., 2005). The mixture of Aroclor 1242, 1248,
1254, and 1260 is sufficient to mimic the neurotoxic actions of complex PCB mixtures
which are of particular concern to present human health. The study looked at the effects
of PCB exposure during gestation and lactation and how that exposure might affect the
propensity for addiction by measuring different behaviors associated with cocaine
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intravenous self-administration (IVSA) in Long Evan rats. The breeding and perinatal
PCB exposure and behavioral testing paradigms for the rodent model used is shown in
Figure 3. Specifically, this study looked at the effects of perinatal PCB exposure on adult
cocaine intravenous self-administration (IVSA) in order to determine if PCB-related
dopamine dysfunction led to a greater propensity to self-administer cocaine. More
specifically, this research investigated whether developmental PCB exposure alters both
the acquisition and maintenance of typical IVSA behaviors. It also measured the effects
of perinatal PCB exposure across a range of cocaine doses to determine if PCB exposure
altered the typical cocaine dose-response relationship. Finally, using a progressive ratio
paradigm, the study investigated whether the motivation to self-administer cocaine was
affected by prior perinatal PCB exposure. In all cases, it was predicted that perinatal PCB
exposure would enhance cocaine reinforcement, and thereby promote enhanced IVSA
behaviors. Thus, it was hypothesized that PCB-exposed rats would a) reach the pre-set
criterion marking the acquisition of cocaine IVSA in fewer sessions, b) self-administer
more cocaine and press the lever more during maintenance (i.e., after acquisition) IVSA
sessions, c) show a greater sensitivity to cocaine (i.e., respond more at lower cocaine
doses), and d) work harder to self-administer cocaine in comparison to non-exposed
control rats (i.e., show a higher progressive ratio breakpoint).
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Chapter 2: Methods
Subjects
All procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Memphis and were in accordance with the
Public Health Service Policy on Humane Care and Use of Laboratory Animals (National
Institutes of Health, 2002) and the Guidelines for the Care and Use of Mammals in
Neuroscience and Behavioral Research (National Research Council, 2003).
Approximately 60 nulliparous female Long-Evans rats (Harlan Barrier 202A;
Indianapolis, IN) were used. All rats were maintained in a temperature- and humiditycontrolled room (22° C, 40-55% humidity) on a 12-hr light/dark cycle (lights on 0800)
and were housed in a standard rat shoebox cage containing Harlan Teklad Laboratory
Grade Sani-Chip bedding. All rats were given water ad libitum and fed a diet of Harlan
Teklad 2020X. This standard feed is a high-protein, low phytoestrogen diet which helped
maintain overall rodent health and ensured that pregnant females were able to support
their litters.
Exposure & Breeding. Upon arrival, each female was weighed and given an
undosed vanilla wafer cookie to acclimate it to eating this novel food item. The female
rats were then divided into one of the three PCB dose groups which were
counterbalanced for body weight. Dosing procedures were identical to those used by
Sable et al. (2006, 2009, 2010). The mixture consisted of: 35% Aroclor 1242 (Monsanto
Lot KB 05–415); 35% Aroclor 1248 (AccuStandard Lot F-110); 15% Aroclor 1254
(Monsanto Lot KB 05–612); and 15% Aroclor 1260 AccuStandard Lot 021-020). The
stock solution of the Fox River PCB mixture (Kostyniak et al., 2005) was diluted with
corn oil to make three dosing solutions: 0 µl/ml PCBs (corn oil only), 7.5 µl/ml PCBs,
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and 15.0 µl/ml PCBs. The stock solution was pipetted onto a vanilla wafer cookie at a
volume of 0.4 mL/kg to yield final doses of 0, 3, and 6 mg/kg/day, thereby establishing
the three dosing groups. The females were exposed to PCB laced cookies prior to
breeding and continued through gestation and lactation until postnatal day 21 when
weaning of offspring occurred. It is known that at the highest PCB dose (6 mg/kg/day)
results in reductions in postnatal body weight gain, and that these effects mirror the
effects found on postnatal weight gain in children perinatally exposed to PCBs (Govarts
et al., 2012; Kostyniak et al., 2005). The concentration of PCBs in the dosing solutions
was verified via analytical methods prior to dosing and stored in a refrigerator until used.
Each female was weighed daily and this weight was used to determine the amount of
dosing solution applied to the cookie each daily. After a PCB body-burden of each of
respective dosage had been established for 28 days in the females, they were paired with
an unexposed Long-Evans male rat (Harlan barrier 202A). Breeding pairs remained
together for eight days, with the female being removed for PCB dosing daily as
previously described. After breeding, the pairs were separated and females continued to
be dosed throughout gestation (roughly twenty-one days) and lactation (twenty-one
days). Thus, the offspring of each dam were exposed to PCBs via gestational and
lactational PCB transfer as established in guidelines by the EPA. Approximately 20 dams
per exposure group were dosed.
Weaning. At weaning, one male/female pair from each litter was sacrificed to
determine physiological and histological measures of toxicity. Physiological measures
including the dam liver-weight, number of implantation sites in the dam, and brain:bodyweight, liver:body-weight and thymus:body-weight ratios in the pups will be taken (see
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Sable et al., 2010). Other general developmental outcomes included the percent of
gestational and lactational weight-gain and postnatal body weights of the pups on PND 0,
7, 14, and 21. In each litter, one female and one male were tested for cocaine intravenous
self-administration (IVSA) as described below. If attrition occurred during the course of
testing, a same-sex sibling replaced any animals that were lost. For this reason, a second
male/female pair was retained at weaning but only underwent catheterization surgery
when such cases of attrition occurred. The weaned pups were moved to another room
(also temperature- and humidity-controlled: 22° C, 40-55% humidity) and paired or
triple-housed according to cohort, exposure group, and gender until PND 90. The
offspring were kept on a 14-hr light and 10-hr dark cycle (on at 0800, off at 2200).
Apparatus
Behavioral testing was conducted in 10 automated operant testing chambers (Med
Associates; St. Albans, VT). These chambers were both sound attenuated and well
ventilated with a fan. On one wall of the chamber, there was a food magazine tray
positioned in the middle with two retractable response levers symmetrically aligned on
each side of the tray. Each response lever had a cue light above it and was 7 cm from the
floor and 5.7 cm from the midline of the wall. A house light was situated on the wall
opposite of the levers. A drug-infusion pump (SAI Infusion Technologies, CA) was used
for cocaine drug-delivery. All operant programs were controlled via a PC equipped with
Med–PC IV software (Med Associates) and all data generated was stored on the same
computer and backed up to a server in a remote location.
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Surgery
Upon stepwise completion of the fixed-ratio training described below, the rats
underwent catheterization surgery at approximately PND 120-180. Intravenous silicone
catheters with adjustable suture beads (ReCath, Allison Park, PA) were implanted into
the right jugular vein of subjects while under isoflourane (2%) anesthesia. The rats had a
jacket with a port (SAI Infusion Technologies, CA) where the catheter exited dorsally
between the shoulder blades, allowing access to the vein for drug infusions. After
catheter implantation, Heparin, at a dose of 100mg/ml, was administered to each subject
through the port to maintain catheter patency. Likewise, Baytril, at a dose of 50 mg/ml,
was administered through the port to prevent infection. Lastly, rats were given an
additional subcutaneous injection of Rimadyl (an anti-inflammatory, 2.5 mg/kg) to
prevent inflammation. Each animal was given approximately three days for recovery and
then returned to behavioral testing. Furthermore, a daily regimen of Baytril and Heparin
was administered through the catheter port.
Drugs
Cocaine hydrochloride (Sigma, St. Louis, MO) was dissolved in pharmaceuticalgrade saline. A dose of 250 µg per infusion of cocaine was used for response acquisition,
maintenance, and the progressive ratio IVSA sessions. The dose response IVSA testing
used concentrations of cocaine that were 31.25 µg, 62.5 µg, 125 µg, 250 µg, 375 µg, and
a 500 µg. Each infusion delivered 50 µl of solution within 2.5 sec duration and was
followed by a 17.5 sec time out period.
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Procedure
When the rats reached 90 days old, they were single housed and placed on an
IACUC-approved food deprivation schedule of 85% of their free-feeding weight, which
ensured that their motivation to work for food rewards kept the body weight of all
animals in the study relatively consistent. All offspring were weighed and fed at
approximately the same time each day, during the lights-on phase of the cycle. At around
100 days old, the rats began testing in the operant chambers. Operant testing occurred
seven days a week and food deprivation procedures were maintained throughout the
study. Operant testing happened in the order described below with the occurrence of only
one session per day.
Autoshaping. During autoshaping, both levers were made available to the rat, and
one of the cue lights located directly above each lever was illuminated for 15 sec every 3
minutes. A press on either lever while the lights were illuminated (or at any other time)
resulted in the delivery of a food reward. If no lever presses occurred during the 15 sec
when the cue light was on, a free 45 mg reward pellet (Bio Serve; Frenchtown, New
Jersey) was dispensed into the food magazine tray. This enticed the rat to explore the
operant box and to press the levers. The rats had a maximum of one hour to earn 100
pellets, including free pellets. Rats remained on autoshaping until 100 lever presses occur
in a session without free pellets being dispensed.
Fixed-ratio training. Since both levers were made available simultaneously
during autoshaping, a preference for one lever may have occurred. To eliminate this type
of preference, rats underwent three days of fixed-ratio (FR) training. At the start of each
FR session, the right response lever was only presented and the right cue light
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illuminated. Each lever press resulted in the delivery of a food pellet into the food
magazine. After five food rewards had been dispensed by pressing the right lever, this
lever was retracted and the cue light over it was extinguished. Next, the opposite lever
“the left lever” and its cue light were activated. After five food reinforcers have been
earned, this active lever was switched back to the other lever. This process was repeated
until 100 food rewards were earned or until one hour had elapsed. FR training lasted for
approximately three sessions with only one session a day allowed. Next, the rats
continued to the fixed-ratio three (FR3) schedule. FR3 is similar to the FR train operant
procedures just described; however, it consisted of pressing whichever active lever was
presented three times per food reward. This process was repeated until 100 food rewards
were earned or until one hour had elapsed for approximately five sessions or five days.
The next schedule was fixed-ratio five (FR5). It consisted of pressing whichever active
lever was presented five times per food reward. This process was repeated until 100 food
rewards was earned or until one hour had elapsed and the rats remained on this schedule
until surgery.
IVSA Response Acquisition. After three days of recovery from surgery, the
animal resumed the previously described FR5 schedule for 3-4 days to ensure full
recuperation had taken place and that the animal was adequately lever pressing. Once
responding on FR5 had been re-established, the food reinforcer was removed and the rat
began IVSA response acquisition for cocaine reward. Only the right lever was considered
the active lever for cocaine IVSA, but both levers were presented and responses on both
levers were recorded. The response requirement to earn a cocaine infusion was on the
FR5 schedule for the active lever. Thus, rats pressed the right active lever five times to
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receive a 2.5 s, 50µl infusion containing 250µg of cocaine. A 17.5 s timeout occurred
after each infusion during which the levers were retracted and the house lights were
extinguished for 15 seconds. Sessions lasted two hours or until a maximum of 100
infusions had been reached. This maximum of 100 infusions was to ensure that rats did
not overdose. Additionally, any “inactive” lever pressing was also recorded but there was
no consequence for this action. Rats met the criterion for acquisition when they
demonstrated < 25% variability in the number of infusions delivered during three
consecutive days of testing.
IVSA Maintenance. When the criterion for acquisition was met, each rodent then
moved onto maintenance responding which was evaluated for another two weeks of
testing. The parameters for maintenance were exactly the same as those used in response
acquisition discussed above.
IVSA Dose Response. Following maintenance, a different dosage of cocaine
(31.25 µg, 62.5, 125 µg, 250 µg, 375 µg, or 500 µg of cocaine) was assigned for each
particular day of testing. Regardless of the concentration presented to the rat during a
particular testing session, each infusion delivered 50µl of cocaine for 2.5 seconds. The
IVSA testing parameters in the dose response were identical to those used during
acquisition and maintenance. The only difference was the concentration of cocaine used
for that particular day. Each cocaine concentration used was randomly assigned by Latin
square.
IVSA Progressive ratio (PR). After the dose-response paradigm, progressive
ratio testing began with four days of PR session and each infusion delivered 50µl of
250µg of cocaine for 2.5 seconds. During the PR session, an increasing number of lever
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presses were required for each successive drug infusion. Specifically, the number of
responses needed to earn a drug infusion was: 1, 2, 4, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77,
95, 118, 145, 178, 219, 268, 328, 402, 492, 603, 737, 901, 1102, 1347, 1647, and 2012
for each successive drug infusion. The PR schedule increased at an exponential rate
minus five and has been reported to be appropriate for studies examining cocaine IVSA
in rats (Richardson & Roberts, 1996). Each PR session ended after four hours or upon a
20 minute failure to activate the lever press.
Verification of Catheter Patency
All catheterized rats were checked for patency daily and in more detail postmortem. Careful incisions were made at necropsy to expose the catheter implantation site.
A dye was pushed through the port into the catheter line to visually confirm vascular
patency. If a rat’s catheter was determined not to be patent or patency was lost during the
course of the study, a same-sex littermate was tested in its place.
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Chapter 3: Design and Data Analysis
All statistical analyses were conducted using SPSS for MS Windows (version
21.0, SPSS Inc.; Chicago, IL) with statistical significance set at p < 0.05. The dependent
variables for each IVSA testing phase are listed in Table 1. Each set of dependent
variables within each phase were analyzed using a 3 (exposure group) x 2 (sex) mixed
MANOVA with PCB exposure group as the between subjects factor, and sex (nested
within litter) as a repeated measures factor. In addition, session (for maintenance, and
progressive ratio) or dose (for dose-response) was also included as a repeated-measures
factor where appropriate. If significant PCB exposure-related effects were observed in the
overall MANOVA for each IVSA phase, additional ANOVAs for each dependent
variable were obtained with corresponding Dunnett post hoc t-tests to determine the
nature of the significance of these effects. To reveal the true nature of potential sex
differences, if the main effect of sex or the exposure x sex interaction were significant in
the omnibus MANOVA, follow-up analyses were conducted separately for each sex.
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Chapter 4: Results
In the case of any missing data, mean substitution was employed. To ensure that
this did not dramatically alter the experimental results, any dependent variable that
required mean substitution was analyzed both with the substituted mean and also by
dropping the entire litter (both male and female) from the analysis. No changes in the
pattern of results were observed, so instances of mean substitution were retained for the
analyses reported below.
Acquisition
A MANOVA was run on the dependent variables (sessions to criterion, active
lever presses, inactive lever presses, and infusions) measured during acquisition of
cocaine IVSA. The main effect of PCB dose [F(8,66) = 3.209, p = .004] and the main
effect of sex [F(4,32) = 13.526, p < .001] were significant by Pillai’s criterion, but the
PCB dose x sex interaction was not significant. Given the observed sex difference,
additional one-way ANOVAs for each dependent variable analyzed to determine if PCB
dose effects were present were separated by sex. These results are presented below.
Sessions to criterion. As shown in Figure 4, there was not a significant difference
among the PCB exposure groups in the number of sessions required to reach the criterion
for completion of IVSA acquisition for either the males [F(2,35) = .340, p = .714] or for
the females [F(2,35) = .087, p = .917].
Number of active lever presses. As can be seen in Figure 5, the number of
active lever presses was higher in males (but not females) that were exposed to PCBs.
However, the main effect of PCB exposure on the number of active lever presses in the
males only approached significance [F(2,35) = 2.969, p = .064]. There was no effect of
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PCB dose on the number of active lever presses in the females [F(2,35) = .748, p = .481].
The males in the 3 mg/kg and 6 mg/kg PCB groups pressed the active lever more than the
non-exposed control males. However, Dunnett t-tests revealed that the differences
between the 0 mg/kg PCB control group and the 3 mg/kg PCB group and 6 mg/kg PCB
group only approached statistical significance (p = .093 and p = .054, respectively).
Number of inactive lever presses. While the data presented in Figure 6 appear to
indicate a more obvious difference among the males on the number of inactive lever
presses, there was not a significant difference observed among PCB exposure groups in
the males [F(2,35) = 2.246, p = .121] . As can be seen in the inset of Figure 6, the
increase in inactive lever presses in the 6 mg/kg males was driven predominantly by one
animal and was not reflective of performance in the entire group. No significant PCB
dose effect on inactive lever presses was found in the females either [F(2,35) = .709, p =
.499] .
Number of infusions. There was a main effect of PCB exposure on the number
of infusions delivered during acquisition in the males [F(2,35) = 4.095, p = .025] but not
the females [F(2,35) = .251, p = .799]. Post hoc Dunnett t-tests revealed that the 3
mg/kg PCB males did not differ from the 0 mg/kg PCB group (p = .085). However,
males in the 6 mg/kg PCB group had a significantly higher number of infusions than
males in the 0 mg/kg PCB group (p = .015). See Figure 7.
Maintenance
A MANOVA was run on the dependent variables (active lever presses, inactive
lever presses, infusions, active lever response duration, inactive lever response duration,
and overall response rate) measured during the 14 days of cocaine IVSA maintenance
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responding. While there was a main effect of sex [F(5,31) = 16.011, p < .001], the main
effect of PCB dose [F(10,64) = .612, p = .798] and the PCB dose x sex interaction
[F(10,64) = .444, p = .919] were not significant by Pillai’s criterion. As such, no
obvious PCB-related differences were observed across the maintenance sessions in the
males or females. As can be seen in Figures 8 and 9, the number of active lever presses
and infusions (respectively) were higher in males than in females. However, within each
sex, these measures were similar among the three PCB exposure groups across all days of
testing. Given the lack of significant PCB effects in the omnibus MANOVA, no
additional follow-up analyses were conducted.
Dose Response
A MANOVA was run on the dependent variables (active lever presses, inactive
lever presses, infusions, active lever response duration, inactive lever response duration,
and session duration) measured across the six different cocaine doses examined. While
there was a main effect of sex [F(6,30) = 15.115, p < .001] and cocaine dose [F(28,8) =
692.074, p < .001], the main effect of PCB dose [F(12,62) = .812, p = .637] as well as
the PCB dose x sex [F(12,62) = 1.420, p = .216], PCB dose x cocaine [F(56,18) =
1.162, p = .375], and PCB dose x sex x cocaine [F(56,18) = .716, p = .830] interactions
were all not significant by Pillai’s criterion. As such, no obvious PCB-related differences
were observed across the dose response sessions in the males or females among the
dependent variables analyzed. For example, the number of active lever presses and
infusions are presented in Figures 10 and 11, respectively. Active lever presses and
infusions were higher in males than in females. These measures decreased in both sexes
with increasing cocaine dose. Within each sex, these measures were similar among the
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three PCB exposure groups across all cocaine doses. Given the lack of significant PCBrelated effects in the omnibus MANOVA, no additional follow-up analyses were
conducted.
Progressive Ratio
A MANOVA was run on the dependent variables (breakpoint, active lever
presses, inactive lever presses, infusions, active lever response duration, inactive lever
response duration, and session duration) measured across the three days of progressive
ratio testing. While there was a main effect of sex [F(7,29) = 2.965, p = .018] and day of
testing [F(14,22) = 3.783, p = .003], the main effect of PCB dose [F(14,60) = .645, p =
.816] as well as the PCB dose x sex [F(14,60) = 1.058, p = .198], PCB dose x day
[F(28,46) = 1.023, p = .463], and PCB dose x sex x day [F(28,46) = .667, p = .872]
interactions were not significant by Pillai’s criterion. As such, no obvious PCB-related
differences were observed across the three progressive ratio sessions in the males or
females among the dependent variables analyzed. The breakpoint, number of active lever
presses, and infusions are presented in Figures 12, 13, and 14, respectively. The
breakpoint and active lever presses were higher in females than in males, while the
reverse was true for infusions. These measures changed across testing day with the three
measures being slightly higher on day 2 compared to the other two days. Within each sex,
the breakpoint and number of infusions delivered were similar among the three PCB
exposure groups across all three sessions. The number of active lever presses appears to
be slightly higher in the 6 mg/kg/day PCB-exposed females, but the PCB dose x sex
interaction from the omnibus MANOVA was not significant so this effect as well as the
remaining PCB-related effects were not evaluated further.
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Chapter 5: Discussion
Summary of Results
Ortho PCBs are known to affect the dopaminergic system (see Farroon et al.,
2000) and this effect has previously been reported to be sex-specific (Lilienthal et al.,
2013). The significant findings in the males (but not females) on active lever presses and
cocaine infusions during the acquisition phase of the IVSA paradigm suggests dopamine
dysfunction occurred primarily within the PCB-exposed male animals. Interestingly, the
differences seen during acquisition did not carry over into the maintenance phase of
IVSA. Rather, with more chronic cocaine exposure, the PCB-exposed and non-exposed
animals demonstrated similar behaviors during the maintenance phase. Likewise, no
PCB-related effects were observed during the dose response or progressive ratio phases
of the IVSA paradigm. One possible explanation for the lack of effect during later IVSA
testing phases (i.e., maintenance, dose response, and progressive ratio) could be due to a
“ceiling effect” tied to depletion of presynaptic dopamine stores in all animals selfadministering cocaine. As previously discussed, adult rats perinatally exposed to PCBs
showed enhanced stimulated peak dopamine release in the nucleus accumbens core
following a single injection of cocaine, but an attenuated response following repeated
cocaine administration when tested using in vivo fixed potential amperometry (FPA)
(Fielding et al., 2013). Chronic exposure to cocaine in and of itself has also been shown
to reduce dopamine release in the nucleus accumbens of rats with no history of PCB
exposure (Weiss, Paulus, Marge, Lorang, & Koobl, 1992). Thus, with prolonged cocaine
exposure, it may be difficult to evaluate differences in cocaine IVSA as all animals
(whether exposed to PCBs or controls) will exhibit a reduction in dopamine
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neurotransmission, thereby making it difficult to tease out PCB-associated effects on
cocaine IVSA.
Psychostimulant behavioral alterations in adult rats perinatally exposed to PCBs
have been demonstrated in other research findings which can be correlated with the
present study’s conclusions. Similar findings have been shown when evaluating the
effects of perinatal PCB exposure in adult rats on cocaine behavioral sensitization. Both
male and female rats perinatally exposed to PCBs exhibited heightened locomotor
activity that was significantly higher than non-exposed control animals following the
earlier daily injections of cocaine. However, upon repeated daily cocaine injections, the
degree of locomotor activation in non-exposed control animals also increased, and
therefore with subsequent and more chronic cocaine injections, it was not possible to
distinguish between control rats and those perinatally exposed to PCBs (Miller et al. in
preparation). Furthermore, differences have also been seen with amphetamine behavioral
sensitization in PCB exposed male rats in comparison to non-exposed controls. PCB
exposed males showed greater activation in locomotor activity following an initial
amphetamine injection, but sensitization occurred later and was blunted relative to
control males (Poon et al., 2013). Thus, perinatal PCB exposure results in presensitization to amphetamine initially upon acute injection; however, behavioral tolerance
will develop after repeated injections with chronic administration of amphetamine (Poon
et al., 2013). Psychostimulant behavioral alterations were also found in adult rats
perinatally exposed to PCBs in a drug discrimination paradigm (Sable et al., 2011). PCB
exposed animals were more sensitive to the interoceptive cues of cocaine but less
sensitive to the interoceptive cues of amphetamine (Sable et al., 2011). Furthermore,

34

adult rats perinatally exposed to PCBs showed differences in DA release by in vivo FPA
relative to controls (Fielding et al., 2013). PCB exposed animals’ demonstrated
differences in dopamine efflux in comparison to non-exposed controls with a single
injection of cocaine increasing DA release during FPA (Fielding et al., 2013). However,
upon repeated injections of cocaine, dopamine efflux decreased (Fielding et al., 2013).
The research conclusions of the aforementioned studies lend credence to the significant
findings during acquisition in both the 3 mg/kg and 6 mg/kg groups relative to nonexposed control male rats. The higher initial DA release resulting from early cocaine
administration likely promoted greater IVSA in PCB-exposed males.
PCBs and Cocaine Act on the DAT
The dopamine transporter (DAT) is a 12 transmembrane spanning protein that
transports DA from the synapse back into the cytosol where other proteins then take over
in the storage or breakdown of DA. The DAT has a number of binding sites for substrates
and inhibitors (Huang, Gu, & Zhan, 2009). Cocaine and dopamine share an overlapping
region of the binding site deep within the transmembrane of the DAT (Beuming et al.,
2008). Additionally, PCBs have multiple binding sites within the transmembrane of
DAT, and it is postulated that individual PCB congeners can simultaneously bind to DAT
in multiple binding sites (Wigestrand et al., 2013). Cocaine acts as a potent DAT
inhibitor by blocking dopamine from binding to its binding site thereby preventing
transport of dopamine back into the neuron. Chronic cocaine use results in an increase in
extracellular dopamine and often DAT down-regulation (Jones & Miller, 2008; Weiss et
al., 1992). As previously discussed, PCBs are known to inhibit the DAT (Richardson &
Miller, 2004; Seegal, 1994, 1996; Seegal et al., 1990, 1991, 1994, 1997, 2002;
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Wigestrand et al., 2013), thereby resulting in a functional outcome similar to what can
occur following chronic cocaine use. Interestingly, recent evidence suggests that certain
ortho PCBs can inhibit DAT with the same dose-dependent binding affinity as cocaine
(Wigestrand et al., 2013). PCB 48, 95, 101, and 110 which constitute 5-20% of the
commercial mixtures of Aroclors 1242, 1254, 1260 (Schulz, Petrlck, & Dulnker, 1989)
are all potent DAT inhibitors.
Chronic psychostimulant behavior affects the dopaminergic system, which is
centrally involved in the rewarding effects of cocaine and amphetamine thereby affecting
DAT and DA activity. Individuals chronically abusing psychostimulants display deficits
in inhibitory control (de Wit, 2009; Dalley et al., 2007; Volkow et al., 2002; Volkow,
Fowler, & Wang, 2004). On the other hand, perinatal PCB causes alterations in DA
neurotransmission thereby affecting DAT and DA activity. Also, relationship exists
between developmental PCB exposure and inhibitory control deficits (Holene et al.,
1998, 1999; Sable et al., 2006, 2009). Both PCB exposure and cocaine alter the uptake of
DA by DAT inhibition resulting in DA being down regulated by DAR and resulting
inhibitory control deficits (Holene et al., 1998, 1999; Sable et al., 2006, 2009). It can be
concluded that perinatal PCB exposure and chronic cocaine produce similar effects on the
dopaminergic system as shown the present research findings as demonstrated during
maintenance, dose-response, and progressive ratio IVSA paradigms, since no PCB
exposure differences were found relative to controls. Additionally, relapse is common
after withdrawal from chronic cocaine; this study did not evaluate this issue or determine
how perinatal PCB exposure affects the propensity to relapse. Given the predicted
similarity in DAT expression between rats perinatally exposed to PCBs and rats with a
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long history of chronic cocaine use; one might expect that rats perinatally exposed to
PCBs exhibit a strong potential to relapse. Therefore, all rats after chronic cocaine
administration had DAT occupied by cocaine instead of transporting DA back into the
pre-synaptic vesicles, which resulted in an increase in extracellular DA, ensuing DAR
down regulation with subsequent VMAT impediment from repackaging and storing DA
for future release. This would be similar to perinatal PCB exposure but perhaps not
completely by the same mechanisms but ultimately result in the same behavioral outcome
upon chronic cocaine administration.
PCBs and Endocrine Disruption
PCBs are known as EDCs, which means they can disrupt normal endocrine
functions including the normal function of thyroid and steroid hormones. Thyroid and
steroid hormones are involved in the developmental organization of the nervous system
and sexual differentiation in mammals (McCarthy, Wright, & Schwarz, 2009; therefore,
endocrine disruption can have long-term consequences for the developing nervous
system, especially during critical windows of development. In this study, males were
more affected by perinatal PCB exposure. Significant findings during acquisition in both
the 3 mg/kg and 6 mg/kg groups relative to non-exposed control rats were found in the
males, but not the females. Different PCB congeners and mixtures have been reported to
have differential effects on the dopaminergic system and can act with disparity between
sexes (Lilienthal et al., 2013). As previously mentioned, male offspring seem to be
particularly sensitive to perinatal ortho-substituted PCB exposure as the ones used in the
current study, Aroclor 1254, and Aroclor 1260, as well as other types of mostly orthosubstituted mixtures (Cocchi et al., 2009; Kostyniak et al., 2005). The exact mechanism is
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not clear, but PCBs have been shown to lower aromatase activity (Hany et al., 1999;
Kaya et al., 2002). Recall that aromatase is the estrogen synthesizing hormone and plays
an important role in sexual differentiation of the brain (Dickerson & Gore, 2007; Lauber
et al., 1997; Roselli, 2007). Thus, lowering aromatase activity may result in decreasing
estrogenic neuroprotection and particularly of dopaminergic neurons in a sex-dependent
manner (Kipp et al., 2006; Kuppers et al., 2000). Moreover, aromatase is more prevalent
in the male brain because it converts testosterone to estradiol and plays a very important
role in sexual differentiation of the male brain (Dickerson & Gore, 2007; Lauber et al.,
1997; Roselli, 2007). Thus, the lack of aromatase in the female brain may be protective
while the peak in aromatase during the perinatal period in the male brain may provide a
mechanism for PCB-induced sex differences. Therefore, alterations in aromatase could
result in the PCB-induced sex differences that were observed in the current study since
significant findings were found during acquisition in the 6 mg/kg males in comparison to
non-exposed control males. This theory is intriguing because an alteration in aromatase
activity during early development has been shown to affect dopamine concentrations in
the prefrontal cortex (Lauber et al., 1997; Stewart & Rajabi, 1994). Interestingly,
aromatase is activated by a series of hydroxylations and maternal ortho-PCB exposure
produces hydroxylated metabolites. These hydroxylated PCB metabolites have been
found to be predominately anti-androgenic rather than estrogenic agonists, but in a dose
dependent manner (Takeuchia et al., 2011). Likewise, when considering testosterone is
converted to estradiol by a series of hydroxylations of aromatase, a parallel can be drawn
with specific PCB congeners affecting aromatase activity (Lilienthal et al., 2013). This
could impact male offspring in particular who express a greater number of androgen
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receptors then females. The prefrontal cortex highly expresses AR or ER respectively,
which in conjunction with striatal GABAergic neurons, modulates dopamine neurons in
the VTA. Thus, anti-androgenic effects of PCB metabolites can impact dopaminergic
neurons in a sex-dependent manner further exacerbating alterations in the brain already
induced by perinatal PCB exposure on DAT inhibition. It should be noted that alterations
in growth and differentiation of specific brain regions are in accordance with specific
PCB congeners eliciting their particular effects (e.g., AR antagonist activity or ER
agonist or interfering with aromatase activity) at critical windows of development in
those brain regions (Kipp et al., 2006; Lilienthal et al., 2013). With that being said, the
Aroclor mixtures used in the current study constitute a number of specific congeners
which can result in endocrine disruption (Takeuchia et al., 2011).
Limitations
The study had several limitations. First, all dependent variables are currently
presented as session totals. If there are differences in the response profile within sessions
(e.g., early versus late responding), the current analyses may not detect differences. To
examine this issue more closely, the data collected will need to be assigned to response
bins, and then the dependent variables within these response bins analyzed as a function
of exposure group and sex in order to determine if there are within-session differences
associated with perinatal PCB exposure.
The second limitation was with the order of the test phases within the IVSA
paradigm. In order to get a better representation of the dose-response for PCB-exposed
rats relative to controls, the dose response phase of the experiment should have been
conducted much earlier to be able to more effectively tease out PCB-related effects.
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Recall that the dose response phase did not occur in the current study until rats had
already had a rather long history of intravenous cocaine exposure. As such, a potential
depletion in pre-synaptic dopamine stores tied to chronic cocaine administration (Fielding
et al., 2013) may have made it difficult to detect changes in the dose-response curve tied
to perinatal PCB exposure. Lastly, it would have been interesting to implement a period
of forced withdrawal (i.e., time in the home cage with no cocaine IVSA for weeks) in
order to evaluate whether perinatal PCB exposure would alter either cue-induced (i.e.,
context driven) or drug-induced (i.e., priming dose) reinstatement of responding. There is
substantial research demonstrating that the degree of relapse responding is highly
predictive of drug dependence (Fuchs, Lasseter, Ramirez, & Xie, 2008; Lee, Milton, &
Everitt, 2006; Schwabe, Dickinson, &Wolf, 2011).
Future Research
Using Western blot, brain sections including the mPFC, striatum and
hippocampus harvested at weaning from littermates of the animals tested in this study
will be assayed for dopamine transporter content. These results will provide some useful
information about how expression of the DAT in reward-relevant brain areas at weaning
may affect the acquisition of cocaine IVSA during adulthood. Studies examining cueinduced and drug-induced reinstatement of cocaine IVSA responding, after a period of
forced abstinence, will also provide useful information about the role of perinatal PCB
exposure on the use and abuse of psychostimulants.
Conclusions
Significant effects were observed in PCB exposed males who exhibited an altered
propensity to self-administer cocaine during the acquisition phase of IVSA. However,
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PCB-exposed and non-exposed rats did not exhibit differences after reaching the criterion
for IVSA acquisition. Specifically, no PCB-related effects were seen during the
maintenance phase of IVSA testing, on the dose response curve for cocaine IVSA, or on
a progressive ratio cocaine IVSA task. Moving forward, it will be important to
understand the mechanisms responsible for the exposure group differences that were
present at acquisition. More specifically, it will be necessary to determine if the initial
PCB-induced differences with self-administration of cocaine persist in comparison to
non-exposed controls after chronic cocaine administration ceases and to define whether
drug-induced or PCB-induced alterations are more persistent on the dopaminergic
system. These results will provide important information about the effects environmental
toxins like PCBs have on development and propensity toward drug addiction in
adulthood.
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Table 1
Dependent Variables to be used in 3 (PCB dose) x 2 (Sex) Mixed Multivariate Data
Analyses
____
_______
Type of Measure

Dependent variables

IVSA
AcquisitionA

a) Sessions to criterion
b) Number of active lever presses
c) Number of inactive lever presses
d) Number of infusions

MaintenanceB

a) Number of active lever presses
b) Number of inactive lever presses
c) Number of infusions
d) Cumulative latency active lever
e) Cumulative latency inactive lever
f) Response rate (lever presses/sec)

Dose ResponseC

a) Number of active lever presses
b) Number of inactive lever presses
c) Number of infusions
d) Cumulative latency active lever
e) Cumulative latency inactive lever
f) Session duration

Progressive RatioB

a) Highest PR schedule completed (Breakpoint)
b) Number of active lever presses
b) Number of inactive lever presses
c) Number of infusions
d) Cumulative latency active lever
e) Cumulative latency inactive lever
f) Session duration
________________________________________________________________________
Note. (A) Averaged across all days of testing, (B) For each day of testing (i.e., day
included as additional independent variable), (C) For each cocaine dose (i.e., cocaine
dose included as additional independent variable)
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Ortho chlorines = 2, 2’, 6, 6’
Meta chlorines = 3, 3’, 5, 5’
Para chlorines = 4, 4’

Figure 1. The chemical structure of PCBs (from Faroon et al., 2000).

Figure 2. The chemical structure of dopamine (from Latawiec et al., 2010).
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Figure 3. 0, 3, or 6 mg/kg PCBs (n= 11-14 litters/exposure) was dissolved in corn oil and
pipetted onto half of a vanilla wafer (volume based on body weight). At weaning one
male and female from each litter were retained. At 90 days of age, offspring were food
restricted to 85% of free-feeding weight and then trained to lever press for a food
reinforcer using an autoshaping program and then fixed ratio paradigm. At
approximately 120 days, catheterization surgery occurred and later IVSA sessions
replaced the food reward with intravenous infusion of 250 µg of cocaine (in 50 µl saline)
as the reinforcer.
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Figure 4. There were no PCB-related differences in the number of sessions required to
meet the criterion for completing cocaine IVSA acquisition in either the males or the
females. (Error bars = +/- SEM)
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Figure 5. Although males exposed to PCBs appeared to exhibit an increase in the number
of active lever presses during acquisition compared to males in the 0 mg/kg/day PCB
group, the effect of PCB exposure in the males did not exceed the criterion for
significance (p=.064). No difference was found on the number of active lever presses that
occurred during acquisition in the female offspring. (Error bars = +/- SEM)
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Figure 6. A significant effect of PCB dose did not occur in either the males or females.
While it appears there is a significant increase in inactive lever presses in males exposed
to 6 mg/kg/day PCBs, this appears to be driven primarily by a single male in the 6 mg/kg
PCB group who made an extraordinarily high number of inactive lever presses (see
inset). (Error bars = +/- SEM)
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Figure 7. A significant effect of PCB dose occurred in the males but not in the females.
Males perinatally exposed to PCBs received a greater number of infusions than males
that were not exposed to PCBs. However, only the difference between the 0 and 6
mg/kg/day PCB groups was statistically significant. (+p=.085, *p=.015; error bars = +/SEM)

68

Figure 8. While a significant main effect of sex was observed, no PCB-related effects
were found across any of the dependent variables measured during the maintenance phase
of cocaine IVSA. As seen above, males pressed the active lever more than females
across all 14 maintenance sessions. However, there were no obvious PCB-related
differences in either the males or females. (Error bars = +/- SEM)
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Figure 9. While a significant main effect of sex was observed, no PCB-related effects
were found across any of the dependent variables measured during the maintenance phase
of cocaine IVSA. As seen above, males received more cocaine infusions (i.e.,
reinforcers) than females across all 14 maintenance sessions. However, there were no
obvious PCB-related differences in either the males or females. (Error bars = +/- SEM)
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Figure 10. While a significant main effect of sex and cocaine dose was observed in the
omnibus MANOVA, no PCB-related effects were found across any of the dependent
variables measured during the dose response phase of cocaine IVSA. As seen above,
males had a higher number of active lever presses than females and the overall number of
active lever presses decreased with increasing cocaine dose. However, there were no
obvious PCB-related differences in either the males or females across any of the cocaine
doses examined. (Error bars = +/- SEM)
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Figure 11. While a significant main effect of sex and cocaine dose was observed in the
omnibus MANOVA, no PCB-related effects were found across any of the dependent
variables measured during the dose response phase of cocaine IVSA. As seen above,
males had a higher number of infusions (i.e., reinforcers) than females and the overall
number of reinforcers decreased with increasing cocaine dose. However, there were no
obvious PCB-related differences in either the males or females across any of the cocaine
doses examined. (Error bars = +/- SEM)
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Figure 12.While a significant main effect of sex and day of testing was observed in the
omnibus MANOVA, no PCB-related effects were found across any of the dependent
variables measured during the progressive ratio phase of cocaine IVSA. As seen above,
females had a higher breakpoint compared to males. The breakpoint was higher on day 2
compared to the other two days of testing. There were no obvious PCB-related
differences in either the males or females across the three PR sessions.
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Figure 13. While a significant main effect of sex and day of testing was observed in the
omnibus MANOVA, no PCB-related effects were found across any of the dependent
variables measured during the progressive ratio phase of cocaine IVSA. As seen above,
females had a higher number of active lever presses compared to males. The overall
number of active lever presses was higher on day 2 compared to the other two days of
testing. There were no obvious PCB-related differences in either the males or females
across the three PR sessions.
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Figure 14. While significant main effects of sex and day of testing were observed in the
omnibus MANOVA, no PCB-related effects were found across any of the dependent
variables measured during the progressive ratio phase of cocaine IVSA. As seen above,
males had a higher number of reinforcers earned than females, and the overall number of
reinforcers earned was higher on day 2 compared to the other two days of testing. There
were no obvious PCB-related differences in either the males or females across the three
PR sessions.
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